The blood flow of brain tissue often returns to normal after an ischemic episode. As "luxury" rather than "reactive" reperfusion, this hyperemia is associated with low metabolism. It is not known to what extent the high blood flow accompanies a high, normal, or low den sity of capillaries. The resolution of this question may indicate whether the functional capillary density is vari able and, if so, whether it is coupled to blood flow or metabolism. To answer these questions, we defined func tional capillaries as capillaries that transport glucose. We then calculated the density of functional capillaries (D cap) and the mean time of transit of blood through the capil laries (tca p) from hemodynamic variables obtained in vivo by positron tomography of five patients afflicted by cere bral ischemic stroke. Each patient was studied twice, within 36 h of the insult and 1 week later. We identified nominally "ischemic" regions in the first study as cortical gray matter regions, contiguous with the ischemic focus,
Summary:
The blood flow of brain tissue often returns to normal after an ischemic episode. As "luxury" rather than "reactive" reperfusion, this hyperemia is associated with low metabolism. It is not known to what extent the high blood flow accompanies a high, normal, or low den sity of capillaries. The resolution of this question may indicate whether the functional capillary density is vari able and, if so, whether it is coupled to blood flow or metabolism. To answer these questions, we defined func tional capillaries as capillaries that transport glucose. We then calculated the density of functional capillaries (D cap) and the mean time of transit of blood through the capil laries (tca p) from hemodynamic variables obtained in vivo by positron tomography of five patients afflicted by cere bral ischemic stroke. Each patient was studied twice, within 36 h of the insult and 1 week later. We identified nominally "ischemic" regions in the first study as cortical gray matter regions, contiguous with the ischemic focus,
The density of capillaries varies between the re gions of the brain (Craigie, 1945) . The variation ap pears to have a cytoarchitectural basis, suggesting that the total number of capillaries in any region is a reflection of the normal average energy require ment of that region. However, evidence from other organs in animal experiments suggests that not all capillaries in a brain region function equally well as in which the magnitude of blood flow did not exceed 20 ml 100 g -I min -I. In these regions, values of metabolism and functional capillary density were proportionately low compared with normal values obtained in the contralat eral hemisphere. The studies revealed a reduction of the functional density of exchange vessels in postischemic brain tissue as soon as 36 h after the insult. In "ischemic" regions, within 36 h of the insult, the net extraction of oxygen was inversely related to the capillary transit time and appeared to be limited mainly by the low functional density of the capillaries. Contrary to expectations, the reduced density persisted, even when more than ade quate perfusion of the tissue returned. For these reasons, we concluded that changes of the capillary density were associated with changes of the metabolism of the tissue rather than with blood flow. Key Words: Capillaries Luxury perfusion-Stroke. exchange vessels at all times (Krogh, 1922) . It is reasonable to predict that nonfunctioning members of the capillary network, if they exist, may provide a functional reserve, to be recruited in times of need.
The postischemic state of the brain is such a time of need. After the initial ischemic insult, blood flow rates often increase substantially and approach or exceed normal levels. Yet, typically, the increase is not accompanied by commensurate increases of metabolic rates for oxygen or glucose (Baron et al., 1981; Hakim et al. , 1989) . For this reason, the reperfusion has been said to be of the "luxury" rather than "reactive" variety (Lassen, 1966; Lenzi et al.,1982) .
The cause of the "luxury" hyperemia is not known. Because the reperfusion is not associated with elevated metabolic rates, it is not known whether there is an unsatisfied metabolic need at this time, or whether the hyperemia is accompanied by a low, normal, or high density of functional ex change vessels. The answer to the latter question may contribute to the understanding of the mecha nism responsible for the regulation of functional capillary density and thus to the understanding of the modulation of substrate transport to brain tissue (Gjedde, 1983) . If the functional capillary density changes in parallel with blood flow, then the capil laries may contribute primarily to the maintenance of vascular resistance. However, if the functional capillary density changes in proportion to the changes of metabolism, then the capillaries may serve primarily to maintain the nutrition of the tis sue. Normally, the question is moot because flow and metabolism are coupled. Logically, therefore, the question can be addressed only under circum stances of uncoupled flow and metabolism.
In this study, we defined functional capillaries as exchange vessels of "standard" dimensions that permitted the transfer of glucose to the tissue. Pos itron emission tomography (PET) yielded physio logical variables from which it was possible to cal culate the capillary density, thus defined, and the capillary transit time. The physiological variables included CBF, oxygen extraction fraction (Eo) , ce rebral blood volume (CBV), the blood-brain trans fer coefficients for fluorodeoxyglucose (FDG; K 1 , k2 ' k3), and the regional CMRglc and CMR02.
The Bohr equation for capillary exchange (1909) prescribed the calculation of the permeability surface area product of glucose from CBF and the transfer coefficients of FDG. On the basis of this equation, we converted the permeability-surface area measurements for glucose to estimates of the density of functional capillaries, assuming similar properties (radius and permeability) of individual capillaries in different regions under different phys iological and pathological conditions. Two specific questions were addressed in the present communication. Under normal circum stances, is there a basic couple between functional capillary density, CBF, CMR02, and CMRglc, such as the one already established between oxygen and glucose metabolism (e.g., Wise et aI., 1983; Baron et aI., 1984) ? During changes of blood flow or brain metabolism, are the changes of functional capillary density and energy requirements of the tissue re lated (recruitment), as suggested by some animal experiments (e.g., Klein et aI., 1986; Collins et aI., 1987) ? These questions can be answered only by measurements of capillary density, metabolic rate, and blood flow in more than one physiological or pathological state.
We established conditions that were sufficiently stable to allow comparable PET measurements to J Cereb Blood Flow Metab, Vol. ]0, No.3, 1990 be made in the same subject, by twice examining patients suffering from ischemic cerebral stroke: once within 36 h of the insult and once 1 week later. Repetitive measurements in regions contiguous with the ischemic focus as well as in regions of the contralateral hemisphere gave values for two dis crete physiological and pathological states.
THEORY

Calculation of capillary density and transit time
We calculated the capillary density from the uni directional clearance of glucose, with correction for blood flow and blood glucose concentration. First, we calculated the capillary permeability-surface area product for glucose by the Bohr equation for capillary exchange (1909):
where PS is the permeability-surface area product, F is blood flow (CBF), a is the solubility of the tracer in whole blood relative to that in brain tissue, and aCa and acv are the tracer concentration dif ferences between tissue and blood at the arterial and venous end of the capillary, respectively. The equation assumes that the PS is constant, i.e., that the saturation of the hexose transporter remains the same everywhere in the capillary. Hence, S repre sents a weighted average of capillaries where blood moves more or less slowly. If a is unity, as is ap proximately the case of tracer FDG in human whole blood, and if the clearance is determined initially when the tissue content of the tracer is negligible, Bohr's equation yields Crone's equation (1963) :
(2)
where Kl is the unidirectional clearance of glucose. The value of Kl of glucose was estimated from the value of Kj of FDG (see below).
Assuming uniform capillary permeability and di mensions throughout brain in various physiological and pathological conditions, the capillary surface
where r is the radius of a capillary and Deap is the total length of functional capillaries per unit volume of brain tissue, equivalent to the average number of capillary cross sections per unit exposed area of a section of brain,
Hence, Dcap is the density of "standard" functional capillaries. Since the apparent permeability of the endothelium to glucose is a function of the plasma glucose concentration, the value of P was calcu lated from the Michaelis-Menten equation,
where P m a x is the maximal permeability and Kt is the Michaelis constant for glucose transport. Ac cording to this calculation, the value of Dcap is, of course, directly proportional to the value of PS for a given plasma glucose concentration.
The mean capillary transit time (tcap) was calcu lated from the ratio between the capillary volume and blood flow. The capillary blood volume is and hence the mean transit time is
In Eqs. 4 and 7, the value of P was obtained by Eq. 5, while the value of the PS was obtained by Eq. 2.
Average values of Kt and r were chosen from the literature as 4.8 mM (Kuwabara et al. , 1989 ) and 3. 5 fLm (Hunziker et al. , 1979) . The value of P m a x was calculated from average values of Ca, K 1 , F (5. 3 mM, 0.077 ml g� 1 min� l , and 0.368 ml g� 1 min� I; from Kuwabara et al. , 1989) , and S (80% of 49 cm 2 g� l ; Hunziker et al. , 1979) , according to the for mula derived from Eqs. 2 and 5,
which yielded an average value of 780 nm s � 1 for P m a x• The "dynamic" FOG method
We used a constrained version of the "dynamic" FOG method (Kuwabara et al. , 1989) to determine the unidirectional clearance of glucose and regional glucose utilization. The constrained method utilized assumptions derived from the Michaelis-Menten equation, including the assumptions that the parti tion volume (Ve = K 1 /k 2 ) is identical for all hexoses competing for the common transport system and as such a function only of the blood glucose concen tration and that the transport and phosphorylation ratios ('T and <p) between tracer and glucose are real constants (Sokoloff et al. , 1977; Gjedde, 1982) .
The lumped constant (A) is the ratio between the net clearances [K = Klk3/(k 2 + k3)] of FOG and glucose. In the constrained method, the lumped constant is a function of Kj and K*. The transfer coefficients k! and kj were redefined in terms of Kj and K*. With the reduction of the number of pa rameters accomplished in this way, estimates of K* , Kj, and Vo, the initial volume of distribution, were obtained in 20 min with a substantially lower sensi tivity to error than the conventional FOG method (Kuwabara et al. , 1989) .
METHODS
PET scans
Five patients afflicted by recent cerebral ischemic stroke were included in the study. The patients were those 5 of 14 patients admitted to the Montreal Neuro logical Hospital and Institute who underwent a series of "multimodality" PET studies that included a "dynamic" FDG study, i.e., a registration of the time course of ac cumulation of radioactivity in brain. An account of all 14 patients has been published previously (Hakim et al., 1989) . Each patient was studied twice. The first study was carried out between 16 and 36 h after the insult and the second study exactly 1 week later.
The patients were scanned with the Therascan 3128, a three-plane positron tomograph with a 12-mm transverse by ll-mm axial spatial resolution (Cooke et al., 1984) . Image reconstruction was performed with correction for random events, detector efficiency variation, attenua tion, and scattered events. In each study, horizontal planes parallel to and 24, 36, and 48 mm above the orbi tomeatal line were scanned such that the same regions of interest in different studies represented the same brain regions.
Measurements of CBF and CMROz were made by the steady-state 150 methods established by Frackowiak et al. (1980) , while CBV was determined by the method of Martin et al. (1987) . For CBF, the patients breathed -5 mCi min -I [150]COZ for 10 min. We did not correct the CBF values for arterial plasma Pcoz differences. For CMROz, we repeated the procedure with [150]Oz deliv ered at -\0 mCi min -I for 1.5 min. For CBV, we ob tained a third tomogram with inhalation of [150]CO, de livered at -70 mCi min -I for 1 min. The Eo was calcu lated from the [150]COZ and [150]OZ studies c�rrected for the magnitude of CBV (Lammertsma and Jones, 1983) . We calculated the CMROz as the product of CBF, Eo, and the arterial oxygen concentration.
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The dynamic FDG PET study consisted of a series of 20 records of radioactivity for a period of 45 min (10 1min, 5 2-min, and 5 5-min scans) following intravenous administration of -5 mCi [18F]FDG. In practice, only the first 15 scans, obtained in 20 min, were used for analysis (see Theory). Arterial blood was sampled at 15-to 30-s intervals at first and then at gradually increasing inter vals.
Data analysis
We used anatomical templates to analyze the PET data. Each template consisted of 10-20 squares (2 cm z each) placed along the cortical mantle of the PET image ( Fig.   I ). The templates were applied to consecutive studies of the same subject, as well as to the serial images of the dynamic FDG studies (Evans et aI., 1986 ). We defined "normal" regions as regions of the tem plate contralateral to the ischemic focus. "Ischemic" re gions were those contiguous with the focus with an aver age blood flow below 20 ml 100 g -1 min -1 at the time of the first scan. The same regions of the second study were also labeled "ischemic," despite normal or elevated blood flow rates. The remaining regions of the afflicted hemisphere were excluded from the study. Thus, al though the size of the infarct, in several patients, in creased to include additional regions with blood flow rates below 20 ml 100 g -1 min -1 at the time of the second study, these regions did not become part of the study.
Error analysis
We examined the effect of systematic deviations of the assumed or measured values of K" K 1 , eBF, PS, mean capillary radius (r), and mean capillary permeability (Pmax) on the estimates of K 1 , PS, Dcap, and tcap.
RESULTS
The calculations of the density of functional cap illaries revealed that blood flow increased while capillary density declined in postischemic tissue in which metabolism also declined. To arrive at this result, we scanned the five patients listed in Table 1 and measured the physiological variables listed Schematic presentation of regional template. Square regions of 2 cm2 were placed along the cerebral cortex. Five to ten regions were drawn on one hemisphere, depending on the size of the image. The same template was used in both studies (first and second) and for all variables (CBF, CMR02, cerebral blood volume, and transfer coefficients of fluorode oxyglucose).
J Cereb Blood Flow Me/ab, Vol. 10, No.3, 1990 in Table 2 . We evaluated three relationships ("couples") between the variables. The first couple was simply the relationship be tween the average physiological variables of each condition listed in Table 2 . The second couple was the relationship between the regional variables in each of the three conditions, shown in Fig. 2 . The third couple was the magnitude and direction of the change of each variable in relation to the other vari ables, listed in Table 2 . We also evaluated the mechanism of blood-brain transfer of oxygen by examining the relation between oxygen transport and capillary density and transit time (Fig. 3) .
The clinical characteristics of the patients are shown in Table 1 . The majority of patients were moderately hyperglycemic at the time of the PET studies, plasma glucose concentrations ranging from 5.1 to 12.4 mM.
Average physiological variables
We listed the intermediate results and average physiological variables of the study in On the basis of the initial values of CBF and its subsequent change, we identified 27 "ischemic" and 84 "normal" regions. The values of the variables of the "normal" regions of the two studies were combined because no sig nificant differences existed between the estimates of any of these variables. The combination reduced the number of conditions from four to three ("normal," first "ischemic," and second "isch emic").
The average estimates of tissue blood volume in the three conditions were similar. The estimates of the CBF of "ischemic" regions returned to normal in the period between the two studies. In "isch emic " regions, the net extraction of oxygen was elevated (but not maximally) in the first study and reduced in the same regions of the second study. Despite this less than maximal extraction of oxygen in the "ischemic" regions of the first study, oxygen consumption was significantly reduced in these re gions. A week later, oxygen consumption was fur ther reduced, now in agreement with the low ex traction of oxygen at this time.
The unidirectional clearance of FOG and the CMRglc were both severely depressed in "isch emic" regions of both studies. The CMRglc/CBF ra tio was significantly elevated in "ischemic" regions of the first study and significantly reduced in the second study. Consequently, the oxygen/glucose metabolism ratio (CMR02/CMRglc) was reduced in "ischemic" regions of both studies. The density of "standard" functional capillaries (Deap) was low in "ischemic" regions of the first study and further reduced 1 week later. The mean capillary transit time was more than twice the con trol value in "ischemic" regions of the first study, but reduced to half the control value at the time of the second study. The transit time estimates con firmed that the increased blood flow in "ischemic" regions of second study was associated with a markedly increased linear velocity of the blood.
Regional correlates
The regional couples between CBF, CMR02, and CMRglc are illustrated in Fig. 2 (upper row) . In "normal" cerebral cortex, the estimates of CBF and CMROz, CBF and CMRglc, and CMR02 and CMRglc were all positively correlated. In "isch emic" regions of the first study, the regional esti mates of CBF, on the one hand, and CMR02 or CMRglc, on the other, roughly maintained the rela tionship predicted by "normal" regions. However, in "ischemic" regions of the second study, CBF was markedly higher relative to CMR02 and CMRglc than predicted by the correlation observed in "normal" regions.
The relations between regional estimates of cap-illary density and CBF or metabolism are shown in Fig. 2 (lower row) . The density was positively cor related with CBF, CMR02, and CMRglc in "nor mal" regions. In "ischemic" regions of the first study, the estimates of CBF and CMR02 revealed no correlation with the density, while the estimates of CMRglc were positively correlated to the esti mates of the density. In "ischemic" regions of the second study, the estimates of Deap were unrelated to the estimates of CBF.
Oxygen and glucose extraction
To evaluate the mechanism limiting oxygen ex traction in the postischemic state, we examined the relation between the estimates of E02 and leap. Con trary to the expectation based on Eq. 2, the esti mates of the E02 of "ischemic" regions of the first study were inversely related to the estimates of leap ' i.e., the larger leap ' the lower the estimates of E02 ( Fig. 3) . Of the two, specifically capillary, new vari ables determined in the present study (Deap and leap), only leap was positively correlated with Eglc•
Error analysis
First, we analyzed the bias of the estimates of K 1 that would be caused by a discrepancy between the assumed value (4. 8 mM) of the Michaelis constant (Kt) and a "true" value. On the basis of random variability of the "true" value of Kt, we identified an overestimation of K, of no more than 7% when the "true" value of Kt exceeded the assumed value by 50%. We examined whether the statistically significant changes of Dcap and tcap ( Table 2 ) would remain significant if the assumed values of the mean capil lary radius and permeability did not represent the "true" values in pathological conditions. The changes of Dcap and tcap were recalculated for each region using randomly distributed "true" values of capillary radius and permeability in pathological re gions ranging from 1.0 to 6.0 !-Lm for radius and from 390 to 1,170 nm s -, for P m a X' We tested the differ ence between these resulting variables of "normal"
and "ischemic" regions by Student's t test. Unless the "true" mean capillary radius decreased below 2.0 !-Lm, the t tests confirmed the significant dif ferences of the estimates of capillary density and capillary transit time between "normal" and "isch chemic" regions. Since measurements of the PS J Cereb Blood Flow Metab, Vol. /0, No.3, 1990 indicated that it tends to be overestimated in "ischemic" regions, and after consideration of all other possible sources of error, the changes of Dcap and tcap in "ischemic" regions remained significant.
DISCUSSION
The concept of recruitment is controversial and the experimental evidence supporting this concept in brain is limited (Collins et aI. , 1987; Kuschinsky et aI. , 1987) . Krogh (1922) defined "shifting" as the process of intermittent capillary perfusion, mostly of muscle capillaries. He noted that capillaries in brain, liver, and skin of frog tended to be open at all times (Krogh, 1918) . Stainsby (1973) , after review ing a half-century of research, concluded that the "mechanisms of local control of blood flow remain essentially unknown ... [and] ... it does not seem clear what it is that local control is regulating. " This sentence emphasizes the distinction between the agent and the purpose of local control of capillary perfusion. .) as functions of the mean capillary transit time (teap)' �r dinates, extraction fraction (ratio); abscissas, transit time (s).
ROI, region of interest.
While oxygen is almost certainly not the agent, it is clearer now that it may be the purpose. The known properties of oxygen and glucose transfer across the blood-brain barrier appear to necessitate changes of functional capillary density (recruit ment). Because of the hemoglobin binding and the consequent enormous solubility of oxygen in whole blood relative to tissue water (0. � 40; see Eq. 1), blood-tissue transfer of oxygen is diffusion limited and rate limiting for oxygen utilization in brain (Kety, 1951 (Kety, , 1960 . In fact, this rate limitation is the basis for the current methods of measuring brain oxygen consumption by PET (Mintun et aI., 1984; Gjedde et aI., 1987) . Hence, increases of the linear velocity of the blood perfusing the brain may not significantly improve the delivery of oxygen. In the ory, shorter intercapillary distances are necessary to allow increases of oxygen utilization to occur during activation (Krogh, 1919; Kety, 1951 Kety, , 1960 . Transfer of glucose is also potentially rate limiting for large increases of glucose utilization (Gjedde, 1983) , and glucose transfer can be further facilitated only by increasing the capillary surface area.
The present study consisted of PET investiga tions, synchronized to the onset of ischemic stroke, and their repetition 1 week later. The investigations provided a wide range of CBFs and cerebral meta bolic rates in physiological ("normal") as well as pathological ("ischemic") conditions. Our ability to study the same brain regions in diff erent states and to create, store, and repeatedly use the same regional templates for diff erent PET measurements, as well as on different occasions, made it possible to study changes of several variables of the same brain region in different stages of the ischemic disease process.
Methodological issues
The concept of functional exchange vessels is complex and controversial. The number of capillar ies that are perfused may vary continuously while the average density remains constant for a given metabolic condition (intermittent perfusion). Some capillaries may contain blood that moves backward, is stationary, or moves so slowly (heterogeneous perfusion) that it does not effectively contribute to the nutrition of the tissue. For this reason, the re lationship between functional density and the num ber of capillaries that are visibly open is not simple (Klein et aI., 1986) . In addition, it is possible, at least in theory, that capillaries exist that allow the diffusion of oxygen, yet cannot transport glucose, or vice versa, because the mechanisms of glucose and oxygen transfer are different.
In the present study, we measured the density of perfused, functional, "standard" capillaries on the basis of two simple assumptions: (a) that capillaries are identical, rigid tubes in all regions of the cere bral cortex; and (b) that changes of the permeability of the capillary endothelium to hexoses like glucose occur only as a result of changes of the capillary surface area available for facilitated diffusion. Hence, the density can be calculated from the uni directional transport of glucose.
The literature reports little regional variation of the mean capillary diameter (Hunziker et aI., 1979; Pawlik et aI., 1981; Coomber and Stewart, 1985) . Rosolowsky and Weiss (1986) found no significant changes of capillary diameter between regions of occluded (60 min) and nonoccluded myocardium of rabbits. Pawlik et ai. (1981) examined changes of morphometric parameters of the microcirculation during increased arterial carbon dioxide concentra tion as well as topical applications of barium chlo ride and Diltiazen by microtransillumination. Cap illaries sustained no change under these conditions, while arterioles reacted substantially.
In theory, we should have been able to calculate the density also from the unidirectional transport of oxygen, but this calculation would introduce a cir cular argument; the method used to measure CMR02 assumes that unidirectional oxygen transfer and net oxygen consumption are identical, as em phasized above.
We used an improved method to determine the transfer coefficients and lumped constant of PDG by the use of the constraints derived from the Michaelis-Menten equation. The estimates ob tained by this method were physiologically as well as statistically more accurate than those obtained by the conventional regression method (Kuwabara et aI., 1989) .
While damage to the endothelium in ischemia, relevant to glucose transport, cannot be ruled out, we assumed that such changes did not occur. If they did occur, they would tend to elevate glucose trans port and hence further validate the findings re ported here. Animal experiments indicate that the half-saturation constant of the blood-brain trans port of glucose (Kt) has little interregional and in tersubject variation (Betz et aI., 1983; . Thus, the number of glucose trans porters per unit of capillary surface area (i.e., the permeability) must be the same in all regions. In "ischemic" regions, the Kt of the glucose transport ers may tend to increase in theory as well as in practice (Gjedde and Siemkowicz, 1979) . The sim ple diffusion of substances with molecular weights similar to that of glucose may increase after isch emia, both in the acute (e.g., Kuroiwa et aI., 1985) and in the chronic (e.g., Spatz et aI., 1976) stages. When ischemia impairs the endothelium and/or the glucose transporter, the fraction of transport occur ring by simple diffusion must increase. Studies with O-methylglucose in focal cerebral ischemia in hu mans in vivo indicated no measurable increase of simple diffusion of glucose relative to the facilitated diffusion. Since O-methylglucose is not a substrate for hexokinase, the distribution volume in ischemic regions is close to that of normal regions when the transporter is working properly. When simple dif fusion predominates, the volume will approach the brain water volume (0.77 ml g-l ). However, in hu mans, the volume in ischemic regions did not differ from that of normals (Gjedde et aI., 1985) .
The constants of the constrained method include the transfer and phosphorylation ratios between tracer and glucose (T and 'P), the Michaelis constant of glucose transport across the blood-brain barrier (KJ, and the brain water content (V d)' The trans port ratio may change in ischemia if the fractions of glucose and tracer that diffuse freely into brain are greater than in "normal" brain in which facilitated transport predominates. We expect the effect of in creased simple diffusion to be minimal since the value of T for humans is close to unity. Ischemia may affect the phosphorylation ratio, but little is known of this possibility. The value of the Michae-J Cereb Blood Flow Metab, Vol. 10, No.3, 1990 lis constant for transport of glucose may increase in postischemic tissue, but increases of Kt tend to "clamp" the lumped constant and thus do not affect the conclusions drawn here.
The brain water content may increase in isch emia. We assumed the value of 0.77 ml g-l in post ischemic tissue as well as "normal" tissue. Exper imentally, increases of as much as 5% of the brain water content were reported by Gotoh et ai. (1985) . However, a 5% increase did not significantly affect the estimates of transfer coefficients of PDG, the lumped constant, and glucose utilization (data not shown). Thus, we concluded that the constrained method was valid for postischemic as well as "nor mal" tissue.
"Normal" brain regions
In the present study, the density of "standard" cortical capillaries ranged from 67 to 475 mm -2 . Reported values of the total capillary density of the cerebral cortex in animals vary from 400 to 1,000 mm -2 , depending on species and method of inves tigation (see, e.g., Pawlik et aI., 1981) . Craigie (1945) reported that the total capillary density in humans was much less than in lower animals and cited 200 mm -2 by Lindgren (1937) .
Later studies with alkaline phosphatase staining have confirmed Lindgren's value. Thus, Hunziker et ai. (1979) reported a total capillary density of 260 mm -2 in the precentral gyri of human sub jects of ages similar to those of the present sub jects.
In animal experiments, 50-90% of cerebral capil laries have been shown to be perfused (Buchweitz and Weiss, 1986; Klein et aI., 1986; Collins et aI., 1987) . Our results suggest that a considerable frac tion of the capillaries (�80%) may be perfused un der physiological conditions (the mean value di vided by Hunziker's total density).
We confirmed the basic coupling between CBP and CMR02, CBP and CMRglc, and CMR02 and CMRglc and between Dcap and these physiological variables in "normal" regions of the cerebral cor tex. The CMRglc/CBP ratio of "normal" regions agreed with the value of 0.78 ± 0.22 flmol ml-1 reported by Baron et ai. (1984) , although the oxy gen/glucose ratio (CMR02/CMRglc) was higher than reported by them (5.2 ± 1.2) and by Wise et ai. (1983) (5.0 ± 1.7) for normal cerebral cortex. The difference probably reflects different values of the lumped constant, but effects of aging may also play a role (Dastur et aI., 1963) .
"Ischemic" brain regions
It was surprising to find that the functional cap illary density was reduced in "ischemic" regions in both studies. At the time of the first study (within 16-38 h of onset), the normal couple between CBF and CMR02 roughly appeared to be maintained in the "ischemic" regions, but the detailed analysis of the regions revealed that the oxygen extraction was elevated in some regions while normal or reduced in others, although the glucose extraction was ele vated in all of these regions. The association of a low oxygen/glucose metabolism ratio, high Eglc, and low E02 has been reported by other authors (Wise et aI., 1983; Baron et aI., 1984) . The observation raised the question of the mechanism that inhibits oxygen delivery, yet allows increased quantities of glucose to be consumed (see also Wise et aI., 1983) .
The pathological evolution of the relation be tween the oxygen (Eo , ) and glucose (Eglc) extraction fractions and the capillary transit time goes through three distinct stages. First, the tissue damage is not severe and the increased transit time causes both oxygen and glucose extraction fractions to be ele vated. Yet, as the oligemia advances, the tissue ap pears to require less oxygen but to extract more glucose and thus sustain increased glycolysis. Whether the glycolysis is aerobic or anaerobic de pends on the cause of the low oxygen extraction: If the oxygen demand is reduced, the glycolysis may be increased despite the presence of oxygen and thus be aerobic; if the supply is limited, oxygen must be low in brain and the glycolysis anaerobic. At that stage, it is the question of why the tissue fails to extract oxygen at the maximal rate when it is still capable of extracting glucose. The reason may be found in the peculiar proper ties of the blood-brain transfer of oxygen. This transfer is diffusion limited and, normally, rate lim iting for consumption. The fractions of net and uni directional extraction of oxygen are therefore be lieved to be very close. Equation 2, when expressed for oxygen, indicates that the oxygen extraction is inversely related to the intercapillary distance for a given linear velocity of the blood. The equation ex plains that the extraction fraction declines roughly in inverse proportion to the square root of the cap illary density when the intercapillary distance in creases. Since the main resistance to glucose diffu sion rests at the endothelium, intercapillary dis tances play no significant role in glucose transfer. Although this reasoning may establish an associa tion between low oxygen extraction and low capil lary density, it casts no light on the reasons for the low functional density in recently ischemic tissue when, teleologically, elevation of the capillary den sity might be beneficial.
The transition to complete infarction is character ized by a combination of the low E02, low Eglc, and low metabolic ratio, observed in "ischemic" re-gions 1 week after the first study. At this stage, the high values of CBF relative to oxygen and glucose metabolism may be the cause of abundant capillary regeneration (Garcia et aI., 1981) , although this sug gestion gives no answer to the question of the fate of the original capillaries.
In "ischemic" regions of the first study, the es timates of the lumped constant were not signifi cantly different from those of "normal" brain. This observation agrees with other reports of no change of the lumped constant in postischemic tissue in humans (Hawkins et aI., 1981) . Gjedde et ai. (1985) defined two types of postischemic tissue: one with normal glucose content and normal lumped con stant, the other with low glucose content and ele vated lumped constant. Evidently, the present tis sue belonged to the former category.
In conclusion, the studies revealed a reduction of the functional density of exchange vessels in post ischemic brain tissue as soon as 36 h after the insult. Contrary to expectations, the reduction persisted, even when more than adequate perfusion of the tis sue returned, and appeared to be coupled to the metabolism of the postischemic tissue. Also con trary to expectations, within 36 h of the insult, the net extraction of oxygen in "ischemic" regions was inversely related to the capillary transit time and probably limited by the density, rather than vice versa. It is an important object of future research to find the reason for the low functional density of capillaries in recently ischemic brain tissue.
